Steroid hormones are involved in the regulation of adult reproductive behaviours (activation), and play key roles in the developing brain (i.e. organisation) (1,2). In many cases, the local metabolism of these hormones within the brain is a necessary step in these processes, particularly the conversion of testosterone into oestradiol (E 2 ) via the aromatase enzyme and to 5a-dihydrotestosterone (DHT) by 5a-reductase (5aR; 3,4).
Inhibiting 5aR can reduce masculinisation of the brain and ⁄ or behaviour in male rats and zebra finches (29, 30) , whereas treatment with DHT in females can cause modest masculinisation of the brain in zebra finches (31) . Thus, 5aR in the brain may be involved in normal sexual differentiation.
Green anole lizards (Anolis carolinensis) offer an excellent model for examining the expression of 5aR1, 5aR2 and aromatase during development. These lizards are common in the southeastern USA, and adult 5aR2 and aromatase mRNAs are sexually dimorphic in three brain areas critical for reproduction (32, 33) : the preoptic area (POA) and ventromedial amygdala (AMY), which are important in male reproductive behaviours, and the ventromedial hypothalamus (VMH), which is important in female behaviours (34) . Unmanipulated adult males have a greater number of cells expressing aromatase mRNA in the POA, whereas females have a greater density of cells expressing aromatase in the AMY and VMH, as well as 5aR2 cells in the VMH (32, 33) . In adults, systemic inhibition of aromatase activity in gonadectomised, testosterone-treated animals revealed that E 2 production is important for female receptivity and plays a role in sexual motivation in males (35, 36) . A similar study documented that 5aR activity (DHT production) is important for the full expression of male sexual behavious (37) . However, a variety of studies in which adult steroid levels have been manipulated indicate that testosterone, rather than its metabolites E 2 or 5a-DHT, is the primary activator of male sexual behaviours (34) . Thus, both E 2 and 5a-DHT have facilitatory roles in anole reproductive behaviours. Additionally, testosterone regulates anole neural aromatase and 5aR such that systemic testosterone treatment in adulthood increases whole brain activities of aromatase and 5aR in males (38) , as well as the density of cells expressing 5aR2 mRNA in the female VMH (39) . 5aR1 was not detected in the adult hypothalamus, although it is expressed in the brainstem (33) . It is currently unknown when sexually dimorphic expression of aromatase and 5aR2 mRNA begins in this species.
The present study examined the patterns of cells expressing 5aR1, 5aR2 and aromatase mRNA in the brain during two periods in development: the day of hatching and on day 50. The two ages include a time before (day 0; P0) and after (day 50; P50) males have higher levels of circulating testosterone than females (i.e. a sex difference occurs by 35 days after hatching) (40) . Thus, in addition to our primary goal of determining the general distributions of expression in hatchling and juvenile anoles, these two ages also allow us to begin to assess whether naturally occurring differences in testosterone levels between males and females might influence steroid metabolising enzyme mRNA expression in the developing green anole forebrain.
Materials and methods

Animals
During the breeding season (April), adult males and females were purchased from Charles Sullivan (Nashville, TN, USA). They were group housed with one male and five females in each 29-gallon terrarium. These glass tanks contained peat moss as substrate, as well as water dishes, sticks and rocks.
To facilitate egg-laying, nest boxes filled with damp peat moss were provided. Ambient temperatures ranged from 28°C during the day to 19°C at night (14 : 10 h light ⁄ dark cycle). Full spectrum bulbs and heat lamps were provided directly above the cages to allow basking temperatures of 10°C above ambient. Relative humidity was maintained at approximately 70%. Animals were fed crickets three times a week and misted daily with water.
Nest boxes were checked daily, and eggs were individually placed in moistened vermiculite (1 : 1 by mass with dH 2 O) in a cup covered with plastic wrap to maintain moisture. The eggs were incubated at 27°C until hatching, which took an average of 33 days. Hatchlings were placed in 10-gallon tanks (set up similarly to those used for adults) until experimental use. Up to ten hatchlings were housed together after unique toe-clipping for identification. They were fed wingless fruit flies and misted with water daily.
All procedures adhered to NIH guidelines and were approved by the Michigan State University Institutional Animal Care and Use Committee.
Tissue collection
On P0 and P50, lizards were rapidly decapitated and their whole heads collected, as described previously (41) . The heads were frozen in cold methylbutane and stored at )80°C until processing. They were sectioned coronally at 16 lm into four alternate series and thaw mounted onto SuperFrost Plus slides (Fisher Scientific; Hampton, NH, USA). The slides were stored at )80°C with dessicant until further processing.
Gonadal sex of the hatchlings was determined through visual inspection at the time of euthanasia. In addition, torsos were collected and fixed in Bouin's solution (9% formaldehyde, 0.9% saturated picric acid, 5% glacial acetic acid). They were then dehydrated and embedded in paraffin. The torsos were sectioned at 10 lm, stained with haematoxylin and eosin, and sex was confirmed via microscopic examination of the gonads.
In situ hybridisation 5aR1, 5aR2 and aromatase had been cloned and linearised previously (Table 1; 32, 33) . Sense (SP6 for 5aR1 and 5aR2; T7 for aromatase) and antisense (T7 for 5aR1 and 5aR2; T3 for aromatase) probes were transcribed using a digoxigenin RNA labelling kit in accordance with the manufacturer's instructions (Roche Diagnostics, Indianapolis, IN, USA). Probes were cleaned using a G50 Sephadex bead column and stored at )80°C until use. For each gene, one set of slides from each animal was used for the antisense reaction. As controls, another set of slides from one animal from each group was used for the sense reaction. Slides were thawed and then fixed for 10 min in 4% paraformaldehyde in 0.1 M phosphate-buffered saline (pH 7.4). They were treated with 0.25% acetic anhydrase in triethanolamine-HCl with 0.9% NaCl buffer (pH 8.0). Slides then incubated overnight at 55°C with 200 ng ⁄ ml (5aR1and aromatase) or 100 ng ⁄ ml (5aR2) probe in hybridisation buffer [50% formamide, 4· 3 M NaCl and 0.4 M Na Citrate (SSC), 1· Denhardt's solution, 200 lg ⁄ ml fish sperm DNA, 10% dextran sulphate, 20 mM dithiothreitol, 250 lg ⁄ ml tRNA, 2 mM ethylenediaminetetraacetic acid (EDTA), and 0.1% . The next day, slides were rinsed in 2· SSC and 0.2· SSC at 60°C. They were then treated with 0.9% H 2 O 2 in maleic acid buffer (pH 7.5) with 0.1% Tween-20 (MABT) for 30 min. The slides were incubated in a blocking solution of 5% normal sheep serum (Jackson ImmunoResearch, West Grove, PA, USA) in MABT for 30 min, and were treated with 0.5 ll ⁄ ml anti-digoxigenin-AP Fab fragments (Roche) in MABT. This antibody produced no labelling in reactions in which the antisense and sense probes were eliminated. After 2 h, the colour reaction was conducted by incubating the slides with 4.5 ll ⁄ ml NBT and 3.5 ll ⁄ ml BCIP (Roche) in 0.1 M Tris-HCl and 0.1 M NaCl (pH 9.5). The reaction was monitored so that the slides incubated with the antisense probe showed a distinct reaction product within the cytoplasm of individual cells with an absence of labelling on the sense-treated slides (approximately 10 min for each gene; Fig. 1 ).
The reaction was stopped with 1 M Tris and 0.5 M EDTA (pH 8.0). Slides were dehydrated with increasing concentrations of ethanol and treated with Citrisolv (Fisher Scientific). They were coverslipped with VectaMount mounting medium (Vector Laboratories, Burlingame, CA, USA) and allowed to dry.
Stereological analysis
The slides were examined blind to the experimental group under brightfield illumination using STEREO INVESTIGATOR software (MicroBrightfield, Inc., Williston, VT, USA) as described by Cohen and Wade (32, 33) . Estimates of total counts of cells positive for each gene were determined in antisense-labelled tissue using the Optical Fractionator function. After tracing the outline of a brain region (as defined by gene expression) in each tissue section in which it existed, the software placed a grid over each area (POA: 100 · 100 lm were placed randomly within the defined region. The software calculated a volume for the brain region, and estimated the total number of positive cell based on the overall size of the region and the samples in which manual counts were taken. A Gundersen coefficient of error at or below 0.1 was confirmed to ensure accurate estimates of cell count. The density of positive cells was determined by dividing the estimated cell count by the calculated volume for the region.
Nissl analysis
Because of sex and age differences in enzyme expression in the POA and AMY (see Results), one series of sections from the animals was stained with thionin. The number of total cells, cell density and volume of the POA and AMY were analysed using the stereological procedures described above.
Statistical analysis
Analysis of each gene and brain region was conducted separately using data averaged from the two sides of the brain within each individual. Two-way ANOVAs were performed on the means of individuals to determine the effects of sex and age on the cells expressing mRNA of 5aR1, 5aR2 and aromatase in the POA and VMH. Interactions were broken down with Bonferroni-corrected t-tests as appropriate. Final sample sizes ranged from four to eight animals per group.
As a result of tissue damage from processing, individual sections from AMYs in some P0 animals were incomplete. Therefore, we could not obtain a total estimate of cells expressing each of the enzymes in the AMY of that age group. Instead, we conducted a stereological analysis on sections from P0 animals as they were available (using identical procedures as above), and the software calculated the number of cells and the volume of the AMY in each section analysed. Density estimates were obtained for each section from these values and averages for each individual were included in the statistical analyses. This procedure was also used for all P50 animals to allow comparison of densities per section across ages. Two-way ANOVAs were conducted on the density per section to determine the effects of sex and age. Because the AMY was intact in a greater number of the P50 animals, we were able to obtain estimates of the total number of cells expressing each of the three genes, and therefore also used t-tests to compare the effects of sex on the number of cells and density of cells expressing all three enzymes at that age.
Results
Distribution of 5aR1, 5aR2 and aromatase
The mRNA of each of the three enzymes, 5aR1, 5aR2 and aromatase, was expressed in discrete regions throughout the brain (Fig. 2 ). 5aR2 and aromatase were similarly distributed in the developing anole brain as in adults (32, 33) . 5aR1, on the other hand, was more widely expressed in the forebrain of developing anoles than in adulthood (32) . Its distribution appeared similar to that of 5aR2 in both development and adulthood. Overall, 5aR1 mRNA expression was generally diminished compared to aromatase in the forebrain, with the lowest levels present in the nucleus accumbens and septum, and no expression detected in the bed nucleus of the stria terminalis (Table 2 ). 5aR2 mRNA expression was greatest in the anterior dorsal ventricular ridge and dorsal cortex, as well as a few brainstem motonuclei. Aromatase mRNA was greatest in the VMH, AMY and the anterior dorsal ventricular ridge.
5aR1
In the POA, a greater number of 5aR1 expressing cells was detected at P0 than P50 (F = 4.69, P = 0.046; Fig. 3 ). P0 animals also had a larger volume of the region as defined by 5aR1 mRNA expression than P50 animals (F = 7.19, P = 0.016; Fig. 3 ). No other effects were detected on these variables (all F < 1.53, P > 0.235). We saw no effects of sex, age or an interaction on the density of 5aR1 expressing cells (all F < 1.34, P > 0.263; Table 3 ). In Nissl-stained tissue, no significant effects were detected on the number and density of cells overall, or on the volume of the region (all F < 3.31, P > 0.089; Table 4 ), suggesting that the differences in cell number and volume of this brain region are based on changes in 5aR1 expression within existing cells.
In the AMY, the number and density of 5aR1 expressing cells at P50 was greater in females than males (number: t = 2.48, P = 0.042; density: t = 3.30, P = 0.013; Fig. 4B,C) . There was no effect of sex in the volume of P50 animals (t = 1.46, P = 0.188; data not shown). Analysis of thionin-stained tissue revealed no effects of sex on cell number, density or region volume in P50 animals (all t < 0.89, P > 0.396; data not shown). The density per section of 5aR1 expressing cells in the AMY was greater at P0 than G-I) . Interestingly, the ventricular layer of the 3V shows labelling for all three genes, similar to aromatase expression in teleost fish (59) . Arrows indicate the boundary of the brain areas.
Pictures were taken from post-hatching day P(50) males except (F) and (G), which were from P50 females. OT, optic tract; 3V, third ventricle. Scale bar = 100 lm in (A-F), 50 lm in (G-I). Fig. 4A ). We saw no main effect of sex (F = 0.33, P = 0.48), although we did detect an interaction between sex and age (F = 4.49, P = 0.048) on the density per section. This value was increased in males at P0 compared to P50 (t = 3.64, P = 0.005, a = 0.0125). Furthermore, we detected a trend such that P50 females had a greater density per section than P50 males (t = )2.78, P = 0.018, a = 0.0125). No other effects of age or sex were detected (t < 2.33, P > 0.045, a = 0.0125). No significant effects were detected on the density per section in Nissl stained tissue (all F < 3.83, P > 0.068; Table 4 ). In the VMH, there were no effects of sex, age or interactions in the number and density of 5aR1 expressing cells, and the volume of the region as defined by 5aR1 expression was equivalent across groups (all F < 3.62, P > 0.07; Table 3 ).
5aR2
In the POA, we found no effects of sex, age, or interactions in the number or density of 5aR2 expressing cells (all F < 2.61, P > 0.122; High intensity of staining, with dark labelling almost filling the cytoplasm is indicated by (+++). Medium intensity of staining (++) was defined as lighter labelling but also filling the cytoplasm. Light staining intensity (+) was defined as labelling that was still less intense and did not fill the entire cytoplasm. No detectable labelling ()) is also indicated. Patterns were consistent between ages and sexes. Regions were based on previous studies (56) (57) (58) . SEs are given in parentheses. No significant differences were detected (n = 4-8).
Testosterone metabolism in the developing lizard 1217 Table 3 ). However, the volume of the region, as defined by 5aR2 mRNA, was larger in P0 than P50 animals (data not shown; F = 9.52, P = 0.006). No other effects were detected on the volume of the region, as defined by 5aR2 expression (all F < 1.41, P > 0.250). At P50, no effects of sex were detected on the number or density of cells, or the volume of the AMY (t < 0.68, P = 0.508; Table 3 ). Parallel results were detected on the average density per section of the cells for all groups; there were no effects of sex, age or interactions on the density of 5aR2 expressing cells (all F < 2.88, P > 0.106).
No significant effects were detected in the VMH (all F < 1.21, P > 0.285; Table 3 ).
Aromatase
In the POA, the number and density of aromatase positive cells, as well as the volume of the region defined by aromatase mRNA labelling, were statistically equivalent between the sexes and ages (all F < 3.42, P > 0.08; Table 3 ).
In the AMY, no effects of sex among P50 animals were detected on the number or density of cells expressing aromatase mRNA, or the volume of the region (all t < 1.25, P > 0.240; Table 3 ). In the analysis that included both ages, no effects of sex or age, or interaction between the variables were detected on the average density per section (all F < 0.25, P > 0.626).
We also found no significant main effects of sex or age, or any interactions on the number or density of cells expressing aromatase, or on volume of the VMH as determined with labelling of aromatase mRNA expressing cells (all F < 2.84, P > 0.109; Table 3 ).
Discussion
The present experiment demonstrates that 5aR1, 5aR2 and aromatase mRNAs are expressed in the developing anole lizard forebrain and that the expression of these enzymes changes between the day of hatching and 50 days after hatching. The three genes are discussed individually below in context with other species.
5a-reductase
Much less information is available from the literature on the expression of the two forms of 5aR than on aromatase. However, it appears that 5aR2 has a higher affinity for substrate in general than does 5aR1 (4) . No sex differences in the developing brain have been detected in the expression of the two isozymes or overall 5aR activity in various species, including South African clawed frogs, Japanese quail, mice and rats (27, 28, 42, 43) . In the present study, both 5aR1 and 5aR2 were expressed in specific regions throughout the developing anole brain, including the forebrain limbic areas that regulate the display of sexual behaviours in adulthood. Previous work in adult animals has shown that 5aR2 mRNA is expressed across the brain, whereas 5aR1 mRNA is only detected in the brainstem (32) . These results suggest that forebrain expression of 5aR1 is decreased in adulthood and therefore could play a specific role in the development of these regions in anoles and perhaps reptiles more broadly. This pattern differs from rodents in which 5aR1 is widely expressed in the brain in adults and 5aR2, with a higher expression in females than males, is expressed in the forebrain during development, which is the opposite of that found in lizards (44, 45) . Based on patterns of expression, it has been hypothesised that, in rodents, 5aR2 is important for the masculinisation and defeminisation of the brain and 5aR1 is important for breaking down excess testosterone from the brain (26, 46) . It is likely that these enzymes also play similar roles in anoles, although we suggest that, based on expression patterns in anoles, 5aR1 plays a role in development, whereas 5aR2 may be more important for modulating testosterone levels in the brain. Additional work is needed to determine the role of 5aR1 during development but, based on the present information, it appears that 5aR1 and 2 may have been co-opted for opposite functions in lizards and rodents.
A number of sex and age differences in the green anole POA and AMY were detected in 5aR1 mRNA expression. For example, more cells expressed 5aR1 in the POA of P0 than in P50 animals. Because there is no difference in the total number of cells in the POA at these two ages (based on Nissl analysis), it appears that the expression of 5aR1 decreases within existing cells as the animals get older. This decrease in 5aR1 with age is consistent with the lack of expression of 5aR1 in the adult POA (32) . The pattern suggests that 5aR1 could play a role in the organisation of the structure and ⁄ or function of the POA. In the AMY, the density of labelled cells per section also decreases between P0 and P50. Similar to the POA, the total number of cells in the AMY is consistent across this period, suggesting that expression within cells decreases. Additionally, we detected sex differences such that P50 females had more cells expressing 5aR1, as well as a greater density of those cells than males, supporting the idea that 5aR1 might play a role in female development in this area. DHT production in the AMY may be important for females, although it is difficult to speculate on a specific function. Perhaps more relevant is that 5aR also reduces progesterone (to 5a-dihydroprogesterone) with a higher affinity than the enzyme has for testosterone (4) . In adult anoles, progesterone synergises with E 2 in females to increase receptivity, and works with testosterone to increase male reproductive behaviours (47, 48) . By reducing progesterone, 5aR may act to regulate the action of progesterone, as well as the actions of androgens. Although it is currently unknown whether progesterone plays a role in anole development, the present data suggest that more work needs to be carried out to examine this idea. Another possibility is that 5aR indirectly affects E 2 signalling. DHT, through the action of 3-b-hydroxysteroid dehydrogenase, is metabolised into 3-b-androstanediol, which can then activate oestrogen receptor b (49). All three of the regions that we examined in the present study do express oestrogen receptor b in adulthood (50). Thus, it is possible that 5aR1 is metabolising both testosterone and progesterone, and metabolites of DHT may be acting on ERs to influence anole neural development.
Unlike 5aR1, 5aR2 expression in developing anoles was equivalent across the two ages and between the sexes. This is consistent with work from many other species (see above) and in adult anoles. For example, no sex differences in the expression of 5aR2 exist in either the POA or VMH, although there is a female-biased difference in the adult AMY (32) . Thus, it is likely that anoles have not completely differentiated by 50 days after hatching and 5aR2 has not begun to differentiate in the AMY.
Aromatase
Aromatase mRNA in developing green anoles was not different between the sexes in the POA, AMY or VMH. This contrasts with adults of this species in which males have a greater number of aromatase-expressing cells in the POA than females, and females have an increased density of aromatase positive cells in the AMY and VMH than males (33) . The fact that these sex differences were not detected in the present study suggests that the juvenile anoles at the ages that we sampled had not yet differentiated, at least in terms of aromatase expression. Future work examining later ages (with a greater sex difference in testosterone) might indicate the predicted sex difference. Another possible explanation of these results is that testosterone does not regulate aromatase expression in the POA, AMY and VMH. In adults, whole brain aromatase activity is increased by testosterone treatment in breeding season males although the same manipulation does not affect the number or density of aromatase mRNA expressing cells in these regions (38, 39) . Regardless, the pattern that we observed in the present study was largely consistent with other species. Although work from some vertebrates has demonstrated sex differences in brain aromatase activity during development (e.g. mice) (51) , studies in rats, frogs and fish have indicated no changes in aromatase activity between developing males and females (27, 52, 53) . In both rodents and birds (Japanese quail), neural aromatisation of testosterone during development is important for the organisation of both adult male and female reproductive behaviours (15, 54, 55) . Similarly, neural aromatase may also be important for anole development, although more work is necessary to determine the extent of the role of aromatase in reptilian brain maturation.
Conclusions
The present data indicate that 5aR1 mRNA expression decreases as the animals get older, and suggests that this isozyme may be more important in the forebrain during development than adulthood because it appears to be absent in mature animals. In addition, the greater number and density of 5aR1 expressing cells in 50-day-old females compared to males supports the possibility that increased testosterone in juvenile males results in the decreased expression of this enzyme compared to females. This idea warrants further investigation. By contrast to data from 5aR1, aromatase and 5aR2 are distributed similarly across two ages during development in the green anole brain and do not differ between the sexes at those ages. Thus, 5aR2 and aromatase are probably not significantly affected by naturally occurring sex differences of circulating testosterone in 50-dayold hatchlings. Currently, not much is known about the distribution of the individual isozymes of 5aR across species, and our work raises some important questions. For example, although the timing of 5aR1 and 2 expression in lizards is opposite to that of rodents, these enzymes likely perform similar functions in both groups. More work needs to be carried out to determine the role of these enzymes in anoles, and the findings of the present study highlight the importance of comparative studies in understanding the role of testosterone-metabolising enzymes in development.
